Reproduction and recruitment of the surf clam Donax serra on two Namibian beaches were studied over a period of two years. Histological examination of the gonads indicated a discontinous annual reproductive cycle, related to monthly mean sea surface temperature. The spawning season lasted from August/September to February, but juveniles (2-6 mm anterior-posterior shell length) were only present for three months in the intertidal zone. The condition index indicates that the species spawns during autumn and summer, but histological validation is needed. The period when juveniles are abundant is decoupled from the spawning period and therefore cannot be predicted clearly, even if the spawning period is known. Starvation, hydrodynamic processes, chemical parameters and different release times during the spawning period are thought to cause the differences in settlement time and recruitment strength between locations.
Fuelled by upwelling, the Benguela ecosystem off Namibia is one of the most productive marine systems in the world (Jarman and Carter 1981, Schulz 1982) . The macrozoobenthos of the intertidal and shallow subtidal of large exposed Namibian sandy beaches is typically dominated by the surf clam Donax serra (Röding, 1798 , McLachlan 1985 , 1986 , Donn and Cockcroft 1989 , but despite its abundance, many aspects of its population dynamics in Namibia are unknown.
The reproductive biology of D. serra elsewhere in southern Africa is documented in other studies, but it is summarized here. Sexual differentiation occurs at a mean length of 44 mm in the Eastern Cape (McLachlan and Hanekom 1979) and 48 mm on the South African west coast (De Villiers 1975) . Sexes can only be distinguished histologically (De Villiers 1975) . The exact duration of the meroplanktonic larval phase is not known exactly and is therefore subject to some speculation. Whereas Lastra (1994) speculated on a value of 1-2 weeks, Birkett and Cook (1987) estimated 3-4 months, both for South African west coast populations. Early post-larval D. serra settle subtidally after metamorphosis and subsequently migrate to the upper intertidal (Donn 1987, Lastra and . The factors that promote settlement and habitat selection are unknown, but grain size is significantly correlated with the abundance of recruits (Lastra and McLachlan 1996) . At the time of settlement, spat are approximately 1-1.5 mm shell length and resemble adults closely (Lastra 1994) .
In this paper, information is given on the reproductive biology of D. serra populations that inhabit two Namibian sandy beaches subject to different levels of exposure to wave action. Gametogenic activity and recruitment are compared.
MATERIAL AND METHODS

Research area and sampling
The study was carried out at two Namibian sandy beaches ( Fig. 1) , Langstrand (22°47´S, 14°33´E) and Paaltjies IV (22°59´S, 14°24´E). According to McLachlan's (1980) rating scale for exposure, Paaltjies IV can be characterized as very exposed and reflective and Langstrand as exposed and of an intermediate type, being partly recessed behind the sand peninsula known as Pelican Point (Fig. 1) . The area is subject to subequal semidiurnal tides with a maximum tide range of 2 m; spring tides average 1.4 m and neap tides 0.7 m. Sea surface temperature (SST) varies between 11°C in winter and 23°C in summer. A summary of the main abiotic features of the two beaches is given by McLachlan (1985) .
A total of 50 adult D. serra (>54 mm) was collected at monthly intervals (Langstrand, February 1998 to November 1999; Paaltjies IV, January 1998 to 53 December 1999). Between sites, sampling time was moved two weeks between full (at Langstrand) and new moon (at Paaltjies IV). Surf clams were dug out by hand in the surf zone at random sampling sites during low tide. No more than three clams were dug out from the same site. In addition, recruits (here defined as clams ranging from 2 to 6 mm shell length) were sampled quantitatively at a series of stations (2 m intervals) along a transect transverse to the shoreline. At each station, three replicates of a 0.16 m 2 sample were excavated to 35 cm depth using a stirring box and the sand sieved on a 1-mm screen. All clams were taken to the laboratory immediately for further investigation. A subsample of 20 adult individuals was preserved in buffered formalin for histological sectioning.
Gametogenic cycle
Tissue samples (Fig. 2 ) of formalin-preserved adult D. serra were embedded in paraplast wax. Histological sections (1-3 µm, GIEMSA stained) were produced according to standard methods (Romeis 1989) . Gonads (458 from Langstrand and 456 from Paaltjies IV) were classified into four stages of development (cytolysed, inactive, active, spawning) by microscopic examination, based on the description of De Villiers (1975) . The stages are summarized below.
In 
Condition index and recruitment
Seasonal variation in the weight of the total visceral mass was used to track changes in gonad weight by calculating a condition index (CI). Total wet weight was recorded to the nearest 0.1 mg immediately after collection and drying on absorbent paper. Thereafter, valves, mantle, siphons, and retractor and adductor muscles ( Fig. 2) were removed. The wet weight of the resulting standard compact unit, consisting of the visceral mass and foot, was recorded. The CI was calculated according to the equation of De Villiers (1975) 
, where W v is the wet weight of the visceral mass (including the foot) and W t is the total wet weight.
Recruits in the sampling transect were counted and measured (anterior-posterior shell length) at each sampling date on both beaches.
RESULTS
Monthly mean SST displayed seasonality, with values highest in January/February and lowest between May and October. The mean annual range was 5.6°C ( 3a, e). The morphology of D. serra was assessed macroscopically to define the region in which most of the gonad was located; thereafter, tissue samples were taken (Fig. 2) . The percentage of mature D. serra gonads (both sexes) in each gonad stage is shown in Figure 4 . Sex ratios did not deviate significantly from unity (Langstrand, 225 males and 220 females, χ 2 = 0.086, df = 1, p > 0.01; Paaltjies IV: 220 males and 235 females, χ 2 = 0.43, df = 1, p > 0.01). No case of hermaphroditism was found at either beach. The gonads of both populations were mature in summer and inactive during autumn and early winter, without the intervention of a typical cytolysed state (Fig. 4) . The gametogenic cycle at Langstrand (Fig. 3b ) was correlated with the mean CI, which decreased significantly three times ( Fig. 3c) : from June to August 1998 (ANOVA, p < 0.05), from October 1998 to January 1999 (ANOVA, p < 0.05) and from July to September 1999 (ANOVA, p < 0.05). In between and thereafter, CI increased significantly (January-February 1999, ANOVA, p < 0.05; September -November 1999, ANOVA, p < 0.05). The settling period of recruits did not exceed three months: December 1997, September -October 1998, March -May 1999 and September-November 1999 (Fig. 3d) .
The gametogenic cycle at Paaltjies IV had a similar seasonal pattern (Fig. 3b) Paaltjies IV during autumn and winter, peaking in July 1998 and May 1998, and were found for a longer period than at Langstrand (March-September 1998, March-August 1999; Fig. 3h ). To preclude possible methodological error, populations were sampled at 300-m intervals; the distribution was apparently uniform at each sampling site and date.
DISCUSSION
Seasonality
The annual reproductive cycle of Namibian D. serra is negatively correlated with the CI. The decrease of the CI in spring 1998 clearly marked the main period of spawning activity. As a consequence of the prolonged spawning period of the population, all reproductive stages were present (Fig. 4a, b) . At Langstrand the decrease was not that evident because a high proportion of the clams was still maturing. During the main spawning season, most of the clams analysed had released their germ cells, resulting initially in a low CI but then an increase as some animals began recovering towards the end of the spawning period (JanuaryFebruary 1999; Fig. 3b, c) . At Paaltjies IV, the CI deceased during autumn 1998 despite the fact that the gonads were still undeveloped; this may have been caused by the degeneration of residual gametes (highest recorded percentage, see Fig. 4b ) and a corresponding weight loss of the visceral mass. A decrease as a result of spawning activity in summer 1999/2000 could not be identified, clearly showing that histological analysis is the only way to clarify the spawning cycle of the species. Hanekom (1975) studied the reproductive cycle of D. serra in South Africa's Eastern Cape on the basis of histological sections. In his one-year study he observed a distinct cycle, but with spawning in late summer (February -April). In contrast, McLachlan and Hanekom (1979) and Van der Horst (1986) found moreor-less discrete spawning peaks during summer and winter in the same region. Similar distinct reproductive cycles and spawning events in summer were reported for clams of the Humboldt Current upwelling system by Urban and Campos (1994) . In contrast, gametogenic cycles of D. serra are less distinct in South Africa's Western Cape (De Villiers 1975, Birkett and Cook 1987) .
The recruitment pattern seen here provides clear evidence that juvenile surf clams occur only sporadically and that recruitment varies from year to year, agreeing with the findings of other authors (e.g. Arntz et al. 1987) . In contrast to the observations of Lastra and McLachlan (1996) , who worked on the beaches of South Africa's Eastern Cape, the 2-6 mm cohort was apparently uniformly distributed at the Namibian study sites. There was also no evidence that recruitment events may have been missed, because each new cohort was subsequently tracked (unpublished data). The present study showed that the D. serra belt is inhabited by similar size-classes, in accord with the findings of Schoeman (1997) , who also worked on beaches of South Africa's Eastern Cape. The zone occupied by recruits varies, according to the slope of the beach, between a minimum breadth of 12 m and a maximum of 40 m (Fig. 5) . The larger juveniles populate a narrower belt in the intertidal. The juvenile abundance pattern (Fig. 3d) found at Langstrand in March and April 1999 was the result of the spawning event that took place between September 1998 and February 1999. Recruits appeared in the intertidal zone during two months only, even though it is likely that they were released over a period of six months. The duration of the planktonic period of donacids inhabiting upwelling regions is still unknown and the current results regrettably remain inconclusive in terms of D. serra. The presence of recruits during March 1999 may indicate that the larval phase lasts at least two months, but there are several possible explanations for the appearance of juveniles in September/October 1998, including:
• Settlement could be of the very first recruits of a spawning, indicating a larval period of <4 weeks (in agreement with the suggestion of Donn 1987); • Planktonic remnants of the pool of larvae spawned in summer 1997/98 (molluscan larvae may delay metamorphosis and settlement under unfavourable conditions -see Pechenik 1985 , Coon et al. 1990 ). It may therefore be possible for the larvae to delay their settlement until after the four winter months (circa Birkett and Cook 1987); • Additionally, recruits from 1997/98 could have settled deeper (Donn 1987, Lastra and as a result of hydrodynamic processes, greater stability of the substratum or geotaxis (Coon et al. 1985 , Jackson 1986 ). Insignificant growth of such recruits during winter is possible (as observed for juveniles, unpublished data), so migration to the intertidal may have taken place during spring 1998.
Unfortunately, neither the hydrodynamics of the sample sites nor larval behaviour are sufficiently well known to discuss these possibilities authoritatively. At Paaltjies IV (Fig. 3h) , the abundant recruits found between March and September 1998 are likely to be the offspring from summer 1997/98. Juveniles observed there between March and August 1999 were presumably spawned between August 1998 and January 1999.
Although the adult populations showed a nearly synchronous gametogenic cycle, the temporal settlement pattern of recruits varied considerably between sites. Only in January 1999 were recruits found in the intertidal of both beaches simultaneously. Such variation agrees with observations on the behaviour of mussels in the same region (Harris et al. 1998) . Lastra and McLachlan (1996) also reported temporal variations in D. serra spat distribution, although they found recruits throughout the year.
Duration of the larval period and recruitment success are strongly influenced by the actual time of release and the associated environmental conditions (Olson and Olson 1989) , probably explaining the observed asynchronous pattern and temporal differences in recruitment strength. Food limitation may cause starvation (Langdon 1983, Olson and Olson 1989) or prolonged development, resulting in longer exposure to possibly unfavourable conditions in the plankton (e.g. predators, hydrogen sulphide; Sale 1990, Diaz and Rosenberg 1995) . Further, unfavourable hydrodynamic processes (currents, wave action) may increase the meroplanktic period and influence dispersal and settlement patterns (Roughgarden et al. 1988 , Zimmerman and Pechenik 1991 , Harris et al. 1998 . Owing to the hydrodynamics (specifically the current patterns) of the Benguela, larvae may have been spawned south of the collection sites and transported northwards. In such a case, recruitment would not be expected to be related to the condition of the adults inhabiting the collection sites, but more related to the oceanographic processes pertaining at any point in time. What is clear, however, is that future research should focus on the larval biology of D. serra, specifically trying to determine the duration of the planktonic stage.
De Villiers (1975) reported on the results of a 28-month study of South African west coast populations of D. serra. He failed to find a repeated pattern of settlement, but noted that juveniles were most abundant in spring and early summer, but were found all year round. De Villiers' findings agree with those of Lastra and McLachlan (1996) , who observed sporadic recruitment events in Eastern Cape populations of the same species, with periods of maximum spat density during summer. Berry (1978) and Harris et al. (1998) also noted that rocky shore bivalves around southern Africa recruit in summer. 
Potential spawning triggers
Maturation and spawning of bivalves are triggered by changes in SST Campos 1994, Sasaki et al. 1997) . During winter, SST off Namibia is relatively stable, in contrast to the dynamic temperature variations of spring and summer. Therefore, maturation of germ cells in D. serra may be triggered by a long period of stable but cold SST and/or some warmer days in late winter/early spring, i.e. before the temperature starts to rise appreciably and consistently. Spawning would then take place when the temperature is higher, possibly favouring larval growth and metamorphosis (Roosenburg et al. 1984 , Walker et al. 1995 . Hanekom (1975) hypothesized that the wider annual range in SST on South Africa's south-east coast (6.5°C) compared to the West Coast (4°C) could be a determining factor for the distinctly different gametogenic cycles in South African D. serra populations. Table I compares spawning periods at four southern African sandy beaches, with emphasis on the annual range of SST. The results presented here are in line with earlier findings: a SST range of 4.0°C is associated with a pattern of continuous reproduction, a range of 5.6°C with a spawning period of >6 months, and a range of 6.5°C with a spawning period of 4 months. Therefore the results of this study clearly support the hypothesis that the reproductive cycle of D. serra is related to annual SST. (1975) 
